Neurological impacts from inhalation of pollutants and the nose–brain connection by Lucchini, R.G. et al.
University of Nebraska - Lincoln
DigitalCommons@University of Nebraska - Lincoln
U.S. Environmental Protection Agency Papers U.S. Environmental Protection Agency
2012
Neurological impacts from inhalation of pollutants
and the nose–brain connection
R.G. Lucchini
University of Brescia, lucchini@med.unibs.it
D.C. Dorman




U.S. Environmental Protection Agency Research Triangle Park
Follow this and additional works at: http://digitalcommons.unl.edu/usepapapers
This Article is brought to you for free and open access by the U.S. Environmental Protection Agency at DigitalCommons@University of Nebraska -
Lincoln. It has been accepted for inclusion in U.S. Environmental Protection Agency Papers by an authorized administrator of
DigitalCommons@University of Nebraska - Lincoln.
Lucchini, R.G.; Dorman, D.C.; Elder, A.; and Veronesi, B., "Neurological impacts from inhalation of pollutants and the nose–brain
connection" (2012). U.S. Environmental Protection Agency Papers. 244.
http://digitalcommons.unl.edu/usepapapers/244
Neurological impacts from inhalation of pollutants and the nose–brain connection
R.G. Lucchini a,*, D.C. Dorman b, A. Elder c, B. Veronesi d
aDepartment of Experimental and Applied Medicine, Section of Occupational Health, University of Brescia, Brescia, Italy
bCollege of Veterinary Medicine; North Carolina State University, Raleigh, USA
cDepartment of Environmental Medicine, University of Rochester, Rochester, USA
dNational Health and Environmental Effects Laboratory, Integrated Systems Toxicology Division, U.S. Environmental Protection Agency Research Triangle Park, USA
1. Olfactory transport of inhaled particles and metals
The olfactory system originates with specialized olfactory
neurons found within the olfactory epithelium that lines a portion
of the nasal cavity. Projections from the olfactory neurons form the
olfactory nerve (cranial nerve I), which ultimately terminates in
the olfactory bulb after the nerve tracts pass through the skull.
Transport of xenobiotics – including particles – along the olfactory
nerve provides a route (nose-to-brain) for delivery to the central
nervous system (CNS) that bypasses the protective blood brain
barrier.
Evaluation of nose-to-brain transport of xenobiotics is fraught
with several technical challenges (Dhuria et al., 2010). To date, most
experimental studies examining nose-to-brain transport have
focused on metals and often used radiolabeled isotopes. Postmortem
tissue collection can involve microdissection of the nasal cavity and
brain or cryosectioning techniques coupled with autoradiography.
Liquid scintillation, gamma spectrometry, mass spectrometry,
proton induced X-ray emission (PIXE), atomic emission or absorp-
tion spectroscopy, and other more specialized analytical methods
are used to quantify metal concentrations in tissues. The movement
of paramagnetic metals can also be followed using brain magnetic
resonance imaging (MRI). Some of these techniques are only semi-
quantitative. Many experiments rely on intranasal delivery,
typically by direct instillation of metal-containing solutions into
one nostril. An alternative approach used in inhalation studies
involves occluding one nostril, thus restricting olfactory transport to
the side of the brain ipsilateral to the patent nostril. The reader is
directed to the studies cited in this manuscript for more details
concerning these and other methodological approaches.
The association between manganese (Mn) inhalation and
neurotoxicity (Guilarte, 2010) has prompted investigators to
examine the role of olfactory transport in the delivery of Mn to
the brain. Initial studies examining direct nose-to-brain transport
of Mn relied on intranasal instillation of 54Mn (as the soluble
chloride salt) and documented the presence of 54Mn in the
olfactory bulb of rats, mice, and freshwater pike on the side
ipsilateral to the instilled nostril (Tja¨lve and Henriksson, 1999).
These studies documented that ionic Mn crossed synapses within
the olfactory pathway and traveled along secondary and tertiary
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A B S T R A C T
The effects of inhaled particles have focused heavily on the respiratory and cardiovascular systems. Most
studies have focused on inhaled metals, whereas less information is available for other particle types
regarding the effects on the brain and other extra-pulmonary organs. We review here the key available
literature on nanoparticle uptake and transport through the olfactory pathway, the experimental data
from animal and in vitro studies, and human epidemiological observations. Nanoparticles (<0.1 mm in
one dimension) may easily reach the brain from the respiratory tract via sensory neurons and transport
from the distal alveoli into the blood or lymph as free particles or inside phagocytic cells. These
mechanisms and subsequent biologic responses may be influenced by the chemical composition of
inhaled particles. Animal studies with ambient particulate matter and certain other particles show
alterations in neuro-inflammatory markers of oxidative stress and central neurodegeneration. Human
observations indicate motor, cognitive, and behavioral changes especially after particulate metal
exposure in children. Exposure to co-pollutants and/or underlying disease states could also impact both
the biokinetics and effects of airborne particles in the brain. Data are needed from the areas of inhalation,
neurology, and metal toxicology in experimental and human studies after inhalation exposure. An
increased understanding of the neurotoxicity associated with air pollution exposure is critical to protect
susceptible individuals in the workplace and the general population.
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neurons to more distal sites within the brain. Brenneman et al.
(2000) were among the first to examine this transport route
following Mn inhalation. Brenneman used an occluded nostril
model and showed that delivery along the olfactory route
accounted for nearly all of the 54Mn found in the olfactory bulb
and olfactory tract of the rat brain following acute inhalation
exposure. Lewis et al. (2005) reported that the rat trigeminal nerve
may also deliver Mn from the nasal cavity to the brain.
Olfactory transport rapidly (within 8–48 h) delivers Mn to the
olfactory bulb and olfactory tract. However, it appears to be
relatively inefficient in delivering inhaled Mn to more distant brain
structures. Using brain MRI, Cross et al. (2004) showed that nasally
instilled Mn does not undergo transport to the rat striatum or other
more distal brain structures. Likewise, Dorman et al. (2006) used
brain MRI to demonstrate presumed olfactory transport of inhaled
Mn sulfate – which is readily soluble in vivo – in rhesus monkeys.
Dorman did not demonstrate evidence for direct translocation of
Mn from the olfactory bulb to the globus pallidus, a known target
for Mn neurotoxicity.
Much of the experimental evidence in support of the olfactory
transport of Mn has come from rodent studies. Unlike people,
rodents are obligate nasal breathers and have distinct airway
turbinate and epithelial anatomy. These differences may affect Mn
delivery to the olfactory epithelium and subsequent brain delivery.
Although direct evidence for olfactory transport of Mn in people is
currently lacking, this pathway is functional in human beings.
Shiga et al. (2010) assessed the transport of nasally administered
thallium (201Tl) to the human brain in healthy volunteers using a
combination of single photon emission computed tomography
(SPECT), X-ray computed tomography (CT), and MRI. These studies
demonstrated appreciable movement of Tl to the human olfactory
bulb with transport kinetic properties that were most consistent
with delivery via the olfactory nerve. These observations are
consistent with results from rodent studies demonstrating
olfactory transport of Tl (Kanayama et al., 2005), suggesting that
the mechanisms involved in olfactory transport of metals are
conserved across different species.
Transport mechanisms and the toxicological significance of
olfactory transport of Mn remain poorly understood. Henriksson and
Tja¨lve (2000) found that intranasal instillation of Mn resulted in
alterations in olfactory bulb expression of glial fibrillary acidic
protein (GFAP) and S-100b in rats, both of which are markers of
astrocyte activation. In contrast, Dorman et al. (2004) did not
observe changes in rat olfactory bulb GFAP concentrations following
subchronic inhalation to Mn sulfate, even though olfactory bulb Mn
concentrations were increased approximately 3.5-fold versus air-
exposed controls. More recently, Villalobos et al. (2009) showed that
the mouse olfactory bulb develops neuron degeneration and myelin
sheath disorganization following high dose intraperitoneal Mn
injection. Recent studies have suggested a role for divalent metal
transporter (DMT-1) in Mn olfactory transport with enhanced
transport occurring in anemic animals (Thompson et al., 2007).
Although direct nose-to-brain transport has garnered increased
attention from neurotoxicologists, it is also important to note that
certain metals do not undergo appreciable olfactory transport. For
example, inhaled tungsten (Radcliffe et al., 2009) and iron (as the
sulfate salt) are poorly transported from the nasal cavity (Rao et al.,
2003). Evaluation of this type of toxicokinetic data can be assisted
by the use of physiologically based pharmacokinetic models
(PBPK) that have been developed to describe olfactory transport of
Mn, tungsten, and iron (Leavens et al., 2007).
2. Nanoparticle dosimetry
Air pollution is a complex mixture of gas- and particulate-phase
components that has input from natural and anthropogenic
sources. The composition of the particulate phase depends on
the source(s), aerosol age, and size fraction and can include
carbonaceous soot, metals, crustal elements, organics, and
biological agents (e.g. pollens). Particles in ambient air exist in
four size classes, with the smallest being the ultrafine or nanosized
particles (NPs). Nanoparticles are defined as being <0.1 mm in at
least one dimension and include natural or anthropogenic/
engineered materials. These particles in an urban atmosphere –
when present as singlet, non-agglomerated particles – contribute
very little by mass to an exposure, but are by far the most
numerous in air (Finlayson-Pitts and Pitts, 2000; Pekkanen et al.,
1997) and also have high surface area to volume ratios. NPs are
predicted to deposit with high efficiency throughout the entire
respiratory tract (ICRP, 1994), including the nasopharyngeal–
laryngeal and alveolar regions. Unique anatomical features of these
regions include, for the nasal region, the presence of olfactory
nerve receptor cells and, for the alveolus, the proximity of the
airspace to the vascular bed. The role of the olfactory pathway in
the transport of NPs and other xenobiotics to the brain is an
emerging issue.
Using laboratory-generated model aerosols, studies of the
biodistribution of poorly soluble NPs (carbonaceous, metal) have
been performed. These studies have consistently found minute,
but statistically significant, accumulation of NPs in extrapulmon-
ary tissues, including liver, heart, kidney, spleen, and brain
(Kreyling et al., 2009; Oberdo¨rster et al., 2002; Semmler-Behnke
et al., 2008). The work of Kreyling and colleagues has, in addition,
demonstrated that this response is size-dependent (greater
accumulation for smaller particles), but particle type-independent
(Kreyling et al., 2009; Semmler-Behnke et al., 2008). Because of the
exposure route (intratracheal inhalation), these studies did not
directly examine the route by which NPs or their constituents
entered the brain.
Work done with elemental carbon NPs (very poorly-soluble)
that were delivered to rats by whole-body inhalation exposure
demonstrated that the olfactory bulb was a site of NP accumulation
(Oberdo¨rster et al., 2002). Uptake and transport by the olfactory
nerve or perineural transport could account for the observed
uptake. Elder et al. (2006) also employed freshly generated Mn
oxide NP-containing aerosols (to simulate welding fume) to expose
rats via whole-body inhalation, which led to increases in olfactory
bulb, striatum, cortex, and cerebellum Mn content. Although the
Mn oxide particles were very poorly soluble, the contribution to
the increases in brain from absorption in the deep lung and
gastrointestinal tract could not be ruled out. However, when short-
term exposures were conducted with the right naris occluded, Mn
accumulated only in the left naris. These data support the idea that
at least the early Mn accumulation occurs via olfactory transport.
This finding is consistent with other studies using more soluble
forms of Mn (Brenneman et al., 2000).
2.1. Evidence for air pollution-induced neurotoxicity
Early evidence linking air pollution and neurotoxicity was
provided by Caldero´n-Garciduen˜as et al. (2003), who reported
neuropathological lesions in feral dogs living in Mexico City.
Inflammation of the olfactory bulb and deficits in olfaction have
also been observed in Mexican children residing in highly polluted
areas (Caldero´n-Garciduen˜as et al., 2010). Alpha-synuclein neuro-
nal aggregation, an early neuropathological hallmark of sporadic
Parkinson’s disease, and accumulation of 3-nitrotyrosine and 8-
hydroxydeoxyguanosine (8-OHdG), evidence of oxidative stress,
were also detected in these children’s brainstem nuclei (Caldero´n-
Garciduen˜as et al., 2011).
As mentioned earlier, the association between inhalation of
certain metals and neurotoxicity has also been established. One
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case in point is definitely Mn neurotoxicity. For example, motor,
cognitive and behavioral functions were assessed in healthy
children (11–14 years old) and elderly (65–75 years old) residents
in Valcamonica, Italy. In this area, an increased prevalence of
Parkinsonism had been observed in relationship with the Mn levels
in the deposited dust from ferroalloy airborne emissions (Lucchini
et al., 2007). Individual exposure to airborne particles was assessed
with 24 h personal sampling and chemical analysis of metal
concentration in the filters. Soil metal concentrations were also
assessed as a proxy of cumulative exposure from airborne
emissions. Several associations were observed between Mn
exposure and abnormalities of motor and olfactory functions in
both age groups. Regression models showed impairment of motor
coordination (Luria-Nebraska test, p = 0.0005), hand dexterity
(Aiming Pursuit test, p = 0.0115) and odor identification (Sniffin’
task, p = 0.003) associated with soil Mn concentrations, and tremor
intensity with hair (p = 0.01) and blood Mn (p = 0.005), among the
adolescents of the impacted area (Lucchini et al., 2012). The elderly
subjects residing in the same areas showed similar impairment of
motor coordination, hand dexterity and odor identification as the
adolescents (Rentschler et al., 2012). The influence of genetic
polymorphism was assessed considering the ATP13A2 gene, also
known as PARK9, for a protective role in both Parkinson’s Diseases
and Mn toxicity (Gitler et al., 2009). Polymorphisms rs4920608
and rs2871776 significantly modified the effects of Mn exposure
on impaired motor coordination in elderly (p for interaction = 0.03,
p = 0.04 respectively), also after adjustments for age and gender
(Rentschler et al., 2012). In addition, the rs2871776 G allele that
was associated with the worst effect of Mn on motor coordination
was linked to alteration of a binding site for the transcription factor
insulinoma-associated 1 (INSM1). This gene plays an important
role in the developing CNS, and especially of olfactory progenitors,
as shown in mouse (Rosenbaum et al., 2011) and human embryos
(Duggan et al., 2008).
While the accumulation of NPs in brain, whether in the CNS
parenchyma or in the vasculature, has been clearly demonstrated,
less information is available concerning potential health-related
outcome(s) from NP exposure. Elder et al. (2006) showed increases
in pro-inflammatory mediators and markers of oxidative stress
and immune cell activation (e.g. tumor necrosis factor-a (TNF-a),
superoxide dismutase, and GFAP) in rat brain regions where Mn
accumulated following Mn oxide NP exposure. These findings
suggest that NP exposure resulted in CNS oxidative stress and
inflammation.
2.2. Particle exposure, oxidative stress, and neurotoxicity
When reports began emerging in the epidemiological litera-
ture suggesting that inhaled ambient particulate-containing air
pollution could induce adverse cardiovascular health outcomes
(Peters et al., 2000; Pope et al., 1999; Schwartz, 1999), the
underlying mechanisms that might explain the observations
were unclear. Two plausible mechanisms that were pursued were
(1) the release of soluble mediators (inflammatory and/or
hormonal) from respiratory tract target cells and (2) the
translocation of air pollution constituents out of the lungs to
secondary target tissues. Similar mechanisms may serve as
plausible explanations for responses of the CNS following
pollutant exposure.
The association between oxidative stress, inflammatory
processes, and neurodegenerative disease is being currently
investigated. For example, a two-fold faster rate of decline in
Alzheimer’s disease (AD) patients is associated with acute
systemic inflammation as determined via increases in serum
TNF-a (Holmes et al., 2009). Furthermore, McAlpine et al. (2009)
showed that the inhibition of TNF signaling significantly
reduced amyloid beta protein deposition in brain in a mouse
model of AD.
Subsequent studies with an oxidative stress-compromised (i.e.
ApoE/) mouse model and their normal C57BL/6 background
strain have shed additional light on the role of oxidative stress in
particulate matter (PM)-induced neurotoxicity (Veronesi et al.,
2005). Veronesi exposed these mice to concentrated ambient
particulate matter (CAPs) collected from a state park in Tuxedo, NY.
After the 6–7 months exposure, the mice were killed and formalin-
perfused. The brains were serially sectioned and immunohistolo-
gically stained for tyrosine hydroxylase (TH), a marker for
dopaminergic neurons and for GFAP, a marker of astrocytic
proliferation. TH-neuronal loss in the substantia nigra was
analyzed morphometrically. No significant differences in air or
CAPs-exposed wild-type mice were seen. However, a 29%
reduction in TH-neuronal loss was shown in the CAPs exposed
brains of Apo E/mice relative to air-exposed Apo E/mice. This
established oxidative stress as a predisposing condition for the
brain damage associated with particulate matter air pollution
(Veronesi et al., 2005).
Since microglia (brain macrophages) are critical to oxidative
stress-mediated neurodegeneration (Block et al., 2007), the BV2
cells (immortalized mouse (C57/BL6) microglial cell line) were
exposed to samples of CAPs and their cellular and genomic
response examined. Exposure of the BV2 microglia to CAPs reduced
intracellular levels of ATP and stimulated pro-inflammatory
cytokines TNF-a and interleukin-6 after 6 h of exposures.
Microarrays on the CAPs exposed BV2 microglia indicated that
exposure stimulated genes associated with innate immune path-
ways (e.g. toll like receptor signaling), oxidative stress-mediated
inflammation (e.g. Notch activating pathway for nuclear factor-kB
signaling), and multiple pro-apoptotic pathways (Sama et al.,
2007). The mechanism(s) underlying PM-CNS toxicity are still
unresolved but these and other studies suggest that neurotoxicity
in the PM-exposed animals is related to oxidative stress and innate
immune pathways.
3. Conclusions
The ‘‘nose–brain’’ interaction as a route of entry for air
pollutants is a topic of emerging interest that deserves further
research, especially considering the possibility that NP can be
transported to target brain areas. The transport of other toxic
components of air pollution, such as gases (ozone, carbon
monoxide, sulfur oxides, nitrogen oxides), organic compounds
(polycyclic aromatic hydrocarbons and endotoxins) and metals
(vanadium, nickel, manganese) also need to be considered. In vivo
and in vitro evidence supports the epidemiological evidence of
neurotoxicity following exposure to air pollution, with an
important role played by the olfactory tract. Although mechanisms
driving air pollution-induced CNS pathology are poorly under-
stood, new evidence suggests that microglial activation may be a
key component, with an important contribution of conditions that
predispose the individual to oxidative stress. In summary,
although the transport of airborne particles and NP is demonstrat-
ed through the olfactory tract, further research must be addressed
to explain the mechanisms of toxicity, focusing on the inflamma-
tory changes that are induced by this type of exposure. Early data
also suggest that children may be at particular risk from air
pollution exposure since childhood and adolescence are crucial
periods of brain development associated with dynamic behavioral,
cognitive and emotional changes.
Conflict of interest statement
No conflict of interest declared.
R.G. Lucchini et al. / NeuroToxicology 33 (2012) 838–841840
Acknowledgments
RL research is supported by funding from the European Union
through its Sixth Framework Program for RTD (contract no. FOOD-
CT-2006- 016253), and by Award Number R01ES019222 from the
National Institute of Environmental Health Sciences (NIEHS). AE is
supported by funding from the National Institutes of Health
(R01CA134218, RC2ESO18741, and P30ESO1247). The content is
solely the responsibility of the authors and does not necessarily
represent the official views of the EU, the US Environmental
Protection Agency, or the National Institutes of Health. DD
acknowledges that Afton Chemical Corporation provided him
with a travel grant that allowed his participation at the Xian
International Neurotoxicology Meeting.
References
Block ML, Zecca L, Hong JS. Microglia-mediated neurotoxicity: uncovering the molec-
ular mechanisms. Nat Rev Neurosci 2007;8(January (1)):57–69.
Brenneman KA, Wong BA, Buccellato MA, Costa ER, Gross EA, Dorman DC. Direct
olfactory transport of inhaled manganese (54MnCl2) to the rat brain: toxicokinetic
investigations in a unilateral nasal occlusion model. Toxicol Appl Pharmacol
2000;169(3):238–48.
Caldero´n-Garciduen˜as L, Maronpot RR, Torres-Jardon R, Henrı´quez-Rolda´n C, Schoon-
hoven R, Acun˜a-Ayala H, et al. DNA damage in nasal and brain tissues of canines
exposed to air pollutants is associated with evidence of chronic brain inflammation
and neurodegeneration. Toxicol Pathol 2003;31((September/October) 5):524–38.
Caldero´n-Garciduen˜as L, D’Angiulli A, Kulesza RJ, Torres-Jardo´n R, Osnaya N, Romero L,
et al. Air pollution is associated with brainstem auditory nuclei pathology and
delayed brainstem auditory evoked potentials. Int J Dev Neurosci 2011;29(June
(4)):365–75.
Caldero´n-Garciduen˜as L, Franco-Lira M, Henrı´quez-Rolda´n C, Osnaya N, Gonza´lez-
Maciel A, Reynoso-Robles R, et al. Urban air pollution: influences on olfactory
function and pathology in exposed children and young adults. Exp Toxicol Pathol
2010;62(January (1)):91–102.
Cross DJ, Minoshima S, Anzai Y, Flexman JA, Keogh BP, KimY. et al. Statistical mapping
of functional olfactory connections of the rat brain in vivo. Neuroimage
2004;23:1326–35.
Dhuria SV, Hanson LR 2nd, Frey WH. Intranasal delivery to the central nervous system:
mechanisms and experimental considerations. J Pharm Sci 2010;99(4):1654–73.
Dorman DC, McManus BE, Parkinson CU, Manuel CA, McElveen AM, Everitt JI. Nasal
toxicity of manganese sulfate and manganese phosphate in young male rats
following subchronic (13-week) inhalation exposure. Inhal Toxicol 2004;16(6–
7):481–8.
Dorman DC, Struve MF, Wong BA, Dye JA, Robertson ID. Correlation of brain magnetic
resonance imaging changes with pallidal manganese concentrations in rhesus
monkeys following subchronic manganese inhalation. Toxicol Sci 2006;92(1):
219–27.
Duggan A, Madathany T, de Castro SC, Gerrelli D, Guddati K, Garcia-Anoveros J.
Transient expression of the conserved zinc finger gene INSM1 in progenitors
and nascent neurons throughout embryonic and adult neurogenesis. J Comp
Neurol 2008;507(4):1497–520.
Elder A, Gelein R, Silva V, Feikert T, Opanashuk L, Carter J, et al. Translocation of inhaled
ultrafine manganese oxide particles to the central nervous system. Environ Health
Perspect 2006;114:1172–8.
Finlayson-Pitts BJ, Pitts JN. Chemistry of the upper and lower atmosphere: theory,
experiments, and applications. San Diego, CA: Academic Press; 2000.
Gitler AD, Chesi A, Geddie ML, Strathearn KE, Hamamichi S, Hill KJ, et al. a-Synuclein is
part of a diverse and highly conserved interaction network that includes PARK9 and
manganese toxicity. Nat Genet 2009;41:308–15.
Guilarte TR. Manganese and Parkinson’s disease: a critical review and new findings.
Environ Health Perspect 2010;118(8):1071–80.
Henriksson J, Tja¨lve H. Manganese taken up into the CNS via the olfactory pathway in
rats affects astrocytes. Toxicol Sci 2000;55(2):392–8.
Holmes C, Cunningham C, Zotova E, Woolford J, Dean C, Kerr S, et al. Systemic
inflammation and disease progression in Alzheimer disease. Neurology 2009;
73:768–74.
International Committee on Radiological Protection. Human respiratory tract model
for radiological protection. A report of Committee 2 of the ICRP. Oxford: Pergamon
Press; 1994.
Kanayama Y, Enomoto S, Irie T, Amano R. Axonal transport of rubidium and thallium in
the olfactory nerve of mice. Nucl Med Biol 2005;32(5):505–12.
Kreyling WG, Semmler-Behnke M, Seitz J, Scymczak W, Wenk A, Mayer P, et al. Size
dependence of the translocation of inhaled iridium and carbon nanoparticle
aggregates from the lung of rats to the blood and secondary target organs. Inhal
Toxicol 2009;21:55–60.
Leavens TL, Rao D, Andersen ME, Dorman DC. Evaluating transport of manganese from
olfactory mucosa to striatum by pharmacokinetic modeling. Toxicol Sci 2007;
97(2):265–78.
Lewis J, Bench G, Myers O, Tinner B, Staines W, Barr E, et al. Trigeminal uptake and
clearance of inhaled manganese chloride in rats and mice. Neurotoxicology
2005;6:113–23.
Lucchini R, Albini E, Benedetti L, Borghesi S, Coccaglio R, Malara E, et al. High
prevalence of Parkinsonian disorders associated to manganese exposure in the
vicinities of ferroalloy industries. Am J Ind Med 2007;50(11):788–800.
Lucchini RG, Guazzetti S, Zoni S, Donna F, Peter S, Zacco A, et al. Tremor, olfactory and
motor changes in Italian adolescents exposed to historical ferro-manganse emis-
sion. Neurotoxicology 2012;33(4):687–96.
McAlpine FE, Lee JK, Harms AS, Ruhn KA, Blurton-Jones M, Hong J, et al. Inhibition of
soluble TNF signaling in a mouse model of Alzheimer’s disease prevents pre-plaque
amyloid-associated neuropathology. Neurobiol Dis 2009;34:163–77.
Oberdo¨rster G, Sharp Z, Atudorei V, Elder A, Gelein R, Lunts A, et al. Extrapulmonary
translocation of ultrafine carbon particles following whole-body inhalation expo-
sure of rats. J Toxicol Environ Health 2002;65:1531–43.
Pekkanen J, Timonen KL, Ruuskanen J, Reponen A, Mirme A. Effects of ultrafine and fine
particles in urban air on peak expiratory flow among children with asthmatic
symptoms. Environ Res 1997;74:24–33.
Peters A, Liu E, Verrier RL, Schwartz J, Gold DR, Mittleman M, et al. Air pollution and
incidence of cardiac arrhythmia. Epidemiology 2000;11:11–7.
Pope CA III, Verrier RL, Lovett EG, Larson AC, Raizenne ME, Kanner RE, et al. Heart rate
variability associated with particulate air pollution. Am Heart J 1999;138:890–9.
Radcliffe PM, Olabisi AO, Wagner DJ, Leavens T, Wong BA, Struve MF, et al. Acute
sodium tungstate inhalation is associated with minimal olfactory transport of
tungsten (188W) to the rat brain. Neurotoxicology 2009;30(3):445–50.
Rao DB, Wong BA, McManus BE, McElveen AM, James AR, Dorman DC. Inhaled iron,
unlike manganese, is not transported to the rat brain via the olfactory pathway.
Toxicol Appl Pharmacol 2003;193(1):116–26.
Rentschler G, Covolo L, Ahmadi Haddad A, Lucchini RG, Zoni S, Broberg K. ATP13A2
(PARK9) polymorphisms influences the neurotoxic effects of manganese. Neuro-
toxicology 2012;33(4):697–702.
Rosenbaum JN, Duggan A, Garcia-Anoveros J. Insm1 promotes the transition of
olfactory progenitors from apical and proliferative to basal, terminally dividing
and neuronogenic. Neural Dev 2011;6:6.
Sama P, Long TC, Hester S, Tajuba J, Parker J, Chen LC, et al. The cellular and genomic
response of an immortalized microglia cell line (BV2) to concentrated ambient
particulate matter. Inhal Toxicol 2007;19(13):1079–87.
Schwartz J. Air pollution and admissions for heart disease in eight U.S. cities. Epidemi-
ology 1999;10:17–22.
Semmler-Behnke M, Kreyling WG, Lipka J, Fertsch S, Wenk A, Takenaka S, et al.
Biodistribution of 1.4- and 18-nm gold particles in rats. Small 2008;4:2108–11.
Shiga H, Taki J, Yamada M, Washiyama K, Amano R, Matsuura Y, et al. Evaluation of the
olfactory nerve transport function by SPECT-MRI fusion image with nasal thallium-
201 administration. Mol Imaging Biol 2010;13:1262–6.
Thompson K, Molina RM, Donaghey T, Schwob JE, Brain JD, Wessling-Resnick M.
Olfactory uptake of manganese requires DMT1 and is enhanced by anemia. FASEB
J 2007;21:223–30.
Tja¨lve H, Henriksson J. Uptake of metals in the brain via olfactory pathways. Neuro-
toxicology 1999;20(2–3):181–95.
Veronesi B, Makwana O, Pooler M, Chen L. Effects of subchronic exposure to concen-
trated air pollution in Apo E/ mice. VII. Degeneration of dopaminergic neurons.
Inhal Toxicol 2005;17(4–5):235–41.
Villalobos V, Bonilla E, Castellano A, Novo E, Caspersen R, Giraldoth D, et al. Ultra-
structural changes of the olfactory bulb in manganese-treated mice. Biocell
2009;33(3):187–97.
R.G. Lucchini et al. / NeuroToxicology 33 (2012) 838–841 841
